Objective: To answer the questions: (a) What is the effect of hypertrophy on the intracellular pH (pHi) and buffering power of cardiac muscle, and (b) How does hypertrophy affect the ability of cardiac muscle to recover from intracellular acidosis induced by hypoxia. Methods: In nominally HCO;-free, HEPES-buffered Tyrode solution (35"C), pH, and the intrinsic buffering power ( pi, measured in the presence of amiloride) was investigated using pH-sensitive microelectrodes. Results: pi was similar in both preparations (25 mM/pH unit at pHi 7.04). pi was inversely related to pHi but the relationship was not significantly modified by hypertrophy. In the absence of amiloride, the time constant of pH, recovery (7,) on removal of NH:, was similar in normal (4.0 + 0.2 min, n = 5) and in hypertrophied muscles (4.3 f 0.3 min, n = 4, ns.). In both preparations, net acid extrusion (J,) was similarly increased at lower values of pHi. Lowering temperature from 35" to 22" caused an alkalinization (0.15 pH units) of pHi. At 22°C the mean values of pHi, pi, TV and J, were similar in normal and in hypertrophied muscles. At both temperatures and in both groups of preparations, recovery of pH, following hypoxia is approximately exponential. The time constant of recovery of pHi following hypoxia (T,~) at 22°C was not significantly different in hypertrophied muscles (7.2 + 0.9 min, n = 8) compared to controls (10.6 + 1.8 min. n = 13). However, at 35"C, there was a significant difference in the mean values of 7rh which was smaller for hypertrophied muscles (3.9 + 0.3 min, n -7) than for normal (7.1 & 1.1 min, n = 4, P < 0.005). For pH, 6.8-7.0, net acid extrusion in hypertrophied preparations was increased by a factor of 4 compared to normal. Conclusions: The intracellular buffering capacity and the pH, regulating capacity via Na+/H+ exchange are not significantly modified by right ventricular hypertrophy in ferret heart. The faster pHi recovery from hypoxia-induced acidification can be interpreted in terms of the role of lactate efflux in pH, control. The possible role of energy compartmentalization, its influence on the Na+ gradient and thus on pH, control after hypoxia, is discussed.
Introduction
In cardiac muscle cells as in most other cell types, intracellular pH (pHiI is more alkaline than predicted if H+ was passively distributed across the cell membrane [17] . Any passive influx of H+, which is driven by the electrochemical gradient, must therefore be counteracted by a Hf efflux mediated by some acid extruding membrane transport systems. Furthermore, considering the striking effects of changes of pHi on ionic conductances, metabolic processes and myofilament calcium sensitivity [31] , the cardiomyocyte must tightly regulate its pHi, to maintain a normal electrical and mechanical performance.
The main pHi regulatory systems in mammalian heart are the amiloride-sensitive Na+/H+ antiport [8, 22] and the stilbene derivative-sensitive bicarbonate-dependent mechanisms [22, 38] . In addition, an effective intracellular buffering system provides a more immediate protection against acute changes in pHi. This ability to buffer pHi changes in the short-term is usually assessed by measuring buffering power ( /3), which is defined as the amount of H+ ions (moles/l) required to produce one pH unit change. The total intracellular fi is classically divided into a part mediated by HCO,/CO, and a part arising mainly from intracellular proteins [9] . The latter is termed intrinsic p ( pi>. It has been shown that the value of pi in sheep E. Do et ul./ Cardi ouascul ur Rrseurch 31 (1996) 729-738
cardiac Purkinje fibres is about 20 mM/pH unit at a pH, of 7.2 and increases linearly as pHi becomes acidic [39] . Myocardial hypertrophy is a functional response to pressure (or volume) overload of the heart, which is associated with biochemical, electrophysiological and mechanical alterations [25] . The myocardium undergoes these adaptations to carry out the required enhanced contractile work and as early as 1973, Sabarowski et al. [36] suggested that a correlation could exist between an increased p and the mechanical work overload. Improved H' buffering capacity could minimise acidifications in hypertrophied cardiac cells and consequently potentiate myofilament calcium sensitivity [19] . However, in most models, the development of hypertrophy is associated with a decline in contractile function and prolongation of the isometric contraction [7.25] . Moreover, the hypertrophied heart might also be either marginally ischaemic during normal activity, or more prone to the development of ischaemia during stress [4, 20] . All these changes are more easily reconcilable with the eventual existence of an acidosis in the cardiac cells. Changes in pH, homeostasis may also be expected to occur as a consequence of modifications in the regulation of other ionic species such as Na+ and Ca2+ during hypertrophy [5, 6, 23] . In fact, little is known regarding pH, regulation in hypertrophic hearts and the few existing reports concerning pH, handling in models of left ventricular hypertrophy are controversial. In the rat, Wexler et al. [41] did not find any difference in the value of basal pH, between normal and hypertrophied hearts. However, recently, in isolated guinea-pig myocytes, Wallis et al. [40] measured an intracellular acidosis associated with hypertrophy, without change of p.
Thus, the aim of the present work was to investigate pH, regulation following intracellular acid loading in right ventricular papillary muscles isolated from normal and hypertrophied adult ferret hearts. Direct measurements have been made of the cytoplasmic Hf activity using ion-sensitive microelectrodes in nominally HCO;-free solution. pH i recovery was studied following NH: prepulses or upon readdition of 0, after a period of hypoxia, in order to assess whether there is a difference in the capacity of the Na+/H+ exchanger to regulate changes in pH, in hypertrophied preparations. Furthermore, the existence of an eventual alteration of pi due to the hypertrophic process was also tested.
Methods

induction of right uentricular hypertrophy
Pulmonary artery banding in the adult ferret was performed as already described [6] . Briefly, adult male ferrets were anaesthetized with intraperitoneal sodium pentobarbital (pentobarbitone sodium 6%, Sanofi-France, 38 mg . kg-' ). Pulmonary artery luminal area was reduced by about 70% by constricting, with a modified vascular clip, the vessel 3-4 mm above its emergence from the base of the right ventricle (post-mortem measurements that could overestimate the true decrease of internal lumen due to the lack of artery turgor in sacrificed ferrets). During the interval after surgery and on the day of the experiment, ferrets did not exhibit any sign of right ventricular failure (ascites, hydrothorax). Regular auscultation of the banded ferrets was performed and some animals were also followed by radiographs to assess the existence of cardiac enlargement. The body weights (BW) of the banded ferrets at the time of surgery and on the day of the experiment were not significantly different (1.44 + 0.03 kg and 1.33 f 0.02 kg, n = 24, mean * s.e.m., respectively). The BW of ferrets from the control (1.38 f 0.03, n = 24) and the hypertrophied groups were also not significantly different. Pulmonary artery clipping for 4-6 weeks did not affect the combined weight of left ventricle and septum (LVSW), but increased the right ventricle (minus septum) wall weight (RVW). Thus, the RVW/BW ratio was significantly increased by 69% (from 0.84 f 0.03 g/kg to 1.43 f 0.03 g/kg, n=24, mean? s.e.m., P<O.OOl). The LVSW/ BW ratio was not significantly different between control and banded ferrets (3.53 + 0.11 g/kg and 3.32 + 0.08 g/kg, n = 24, mean f s.e.m., respectively). Therefore, hypertrophy induced by the present procedure was limited to the right ventricle. Sham-operated ferrets underwent the same procedure but the artery was not clipped. As assessed by the indexes of hypertrophy (mainly the RVW/BW ratio) [6] and by pilot experiments, no difference was found between sham and unoperated ferrets, so that the former ferrets were included in the 'control' group.
All protocols were reviewed and approved by our institutional committees for the care and use of animals (authorization no. 004983, 1992).
General methods for in vitro experiments
In vitro experiments were performed 4-6 weeks after surgery. This period was chosen because hypertrophy indexes reached plateau values in this interval [6] . Ferrets were anaesthetized with intraperitoneal pentobarbitone sodium. The heart was rapidly removed and washed in cardioplegic solution (defined later) at 0-4°C equilibrated with 100% 0, and buffered with HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid). After papillary muscles had been removed (see below), the heart was cut up into the following parts: atria, right ventricular and left ventricular free walls and interventricular septum, which were rapidly blotted and weighed.
Measurements with microelectrodes
A thin uniform papillary muscle (diameter range I-1.5 mm, length 4-5 mm) was dissected from the right ventricle, pinned to the bottom of the experimental chamber, continuously superfused with the Tyrode solution and allowed to equilibrate for at least 30 min before recordings were obtained. The techniques used and methods of calibration of electrodes were essentially the same as those described previously [ 181. Membrane potentials and pH i were measured using 3M KCl-filled microelectrodes (resistance lo-30 Ma> and pH sensitive microelectrodes filled with neutral H+ carrier (hydrogen ionophore II-cocktail A, Fluka) respectively. For each drug used, the possibility of an interference with the cation-sensitive ionophore was checked. Experiments were performed in superficial cells of quiescent preparations.
Calculation of pi
The principle of the method used was to induce pH, changes in the papillary muscle cells by using external applied weak bases [35] . The weak bases used were ammonium chloride (NH&l, pK, = 9.02) or trimethylamine chloride (TMACI, pK, = 9.8). The assumptions to keep in mind and the validity of this approach have already been discussed [39] . Thus pi will equal AH'/ApHi where AH+ is the change in intracellular [H+] and is assumed equal to the intracellular concentration of NH: or TMA ions at the moment of their removal from the external solution. ,These concentrations can be calculated from the total concentration of external NH,Cl (or TMACI) using the Henderson-Hasselbach equation and finally:
Where C = total extracellular weak base concentration, pH, = the pH, at the moment of removal of the weak bases from the external solution, pK, = acid dissociation constant of the weak bases, and ApH, = the associated change in pH, upon the removal of the weak bases. In some experiments, sequential lowering of external base concentration was used to provide a series of pH, changes from a single preparation [391. In these experiments the change in intracellular base concentration between the two steps has to be calculated. With each induced pH, change, pi will vary as the pH, changes. Thus each determination of pi was related to the midpoint of each induced pH, change.
By using CO,-free, HEPES-buffered Tyrode solution (nominally free of CO,-HCO,), no Cl--HCO; transport mechanism could assist pH, recovery and the CO, contribution to intracellular buffering power was minimized. Furthermore, in order to prevent significant transmembrane pumping out of H+ during the acid-loading phase via Na+/H+ exchange, which would decrease the size of the induced pHi changes, regulation was blocked by using amiloride (1 mM).
Solutions
The normal Tyrode solution contained (mM): Nat, 140; K+, 6; Ca2+, , 2. Mg'+, 1; Cl-, 146; glucose, 10; HEPES, 10. pH was adjusted to 7.40 k 0.05 using NaOH at 35°C.
For experiments at room temperature, solutions were titrated to give a pH of 7.40 f 0.05 at 22°C. When NH&l or TMACl (both Sigma) were added directly to solutions, an equivalent concentration of NaCl was omitted in order to maintain isotonicity. Amiloride 1 mM (Sigma) was added, as a solid to solutions shortly before use. o-Cyano-4-hydroxycinnamate (Sigma) was stored refrigerated as a 100 mM stock made with the addition of 130 mM NaOH. The cardioplegic solution was a modified St Thomas' solution (mM): NaCl, 100; KCl, 20; MgCl,, 16; procaine, 0.5; CaCl,, 2; Na,HPO,, 1.92; NaH,PO,, 6.74. The normal Tyrode and cardioplegic solutions were equilibrated with 100% OS.
Hypoxia was produced either by adding sodium dithionite (Na,S,O,) (0.5-l mM; Sigma) to normal Tyrode solutions or equilibrating superfusing solutions with 100% N,. For the latter, normal solutions were exposed to low pressure (approximately 100 mmHg) for about 5 min and then immediately gassed vigorously with 100% N, for at least an hour. The oxygen tension measured with an 0, electrode (Instech Laboratories, amplifier model 102) in the experimental chamber was less than 10 mmHg. Na,S,O, provides a convenient way to maintain O,-free conditions during microelectrode experiments where the surface of the chamber has to be kept opened for microelectrodes penetration, but thereby susceptible to 0, entry [lOI.
Statistics
Mean values are quoted & standard error of mean (s.e.m.1. Comparison between groups were made using the Student t-test. A value of P < 0.05 was considered to reject the null hypothesis that there was no difference in means between groups.
Results
In the normal Tyrode solution, the mean steady-state pH, was similar in normal and hypertrophied papillary muscles (normal 7.03 + 0.01, 5 I measurements, n = 8 preparations; hypertrophied 7.04 k 0.02, 52 measurements, n = 18, n.s., 35°C). The resting membrane potential (E,) was slightly but significantly depolarized by about 2 mV in hypertrophied muscles (-69.9 + 0.5, 78 measurements, n = 18) compared to normal ( -71.9 + 0.5, 62 measurements, n = 8, P < 0.005).
3.1. Measurements of pi pi was estimated in normal and hypertrophied papillary muscles from the pH, changes induced by addition and subsequent (total or sequential) removal of NH,Cl (or TMACI) at concentrations between 10 and 20 mM in the presence of amiloride (1 mM) (see Methods section). Fig. 1 shows typical records, obtained with normal and hypertrophied papillary muscles, in order to estimate pi using the NH&l-withdrawal technique. In both preparations, the application of 15 mM NH,Cl produced a rapid intracellular alkalinization (mean values: normal 0.31 + 0.04 pH units, n = 5; hypertrophied 0.29 f 0.03 pH units, n = 6, n.s.) and was associated with a depolarization of E, by about 8 mV. pi was calculated from the intracellular acidosis induced by removing NH,Cl. The acidosis was sustained because acid extrusion via Na+/H+ exchange was inhibited. In the experiment illustrated, for pH, 6 (midpoint of the pH, change during the acidosis), estimated values of pi were 34 and 28 mM/pH unit in normal and hypertrophied preparations respectively.
Using sequential removal of the weak bases, pi was calculated in the range 6.8-7.4. Papillary muscles were exposed to 20 mM NH&l (or TMACl) in order to permit accumulation of intracellular NH: (or TMA+) ions. The preparations were left for 10 min until pH, had begun to stabilize whereupon external NH&l was reduced in steps from 20 mM to zero. Each fall of pHi was used to estimate pi. Whatever the preparation (normal or hypertrophied), similar values of pi were obtained using both weak bases and so the data have been pooled in Fig. 2 . In both cardiac preparations, pi was inversely related to pH, and the relationship was not significantly modified after 4-6 weeks of hypertrophy. The lines drawn in Fig. 2 indicate me relationships where in normal muscle pi = -33.4 pH I + 260.6 and in hypertrophied preparations pi = -23.5 pH i + 190.5.
pH, changes during recovery from NH,Cl removal
As previously described, in normal and hypertrophied papillary muscles, addition of 15 mM NH&l to the superfusing solution resulted in a rapid alkalinization of about 0.3 pH units (see above) and in a depolarization of E, by 5-10 mV. With no amiloride present, removal of NH: caused a repolarization and a rapid intracellular acidification of 0.35 + 0.07 pH units and 0.31 + 0.06 in normal (n = 5) and hypertrophied (n = 6, n.s.) preparations respectively. When experiments were carried out in the absence of amiloride (or after withdrawal of the inhibitor, see Fig. 1 ), the Na+/H+ exchanger could operate and pH, be regulated. In both types of preparation, recovery from acidification took 10-l 2 min and was approximately exponential. The time constant of recovery (7,) was similar in normal (4.0 + 0.2 min, n = 5) and in hypertrophied (4.3 k 0.3 min, n = 4; n.s.) muscles.
In both cardiac preparations, we have estimated net acid extrusion for different pH, values during the recovery phase. During set time intervals, extrusion was calculated from the equation:
where ApHi/At represents the change of pHi during the corresponding time interval At. The value of pi is the is plotted versus pHi. Data are from the two pH i recoveries illustrated in Fig. 1, upon one corresponding to the pH, located at the mid-point of each ApH, and is given by the equations determined previously (Fig. 2) . In Fig. 3A , typical curves for acid extrusion versus pHi in normal and hypertrophied muscles are shown. In both preparations, J, was similarly increased at low pHi values and Fig. 3B shows that there was no significant difference in the mean values of J, over the pH, range studied, between normal and hypertrophied papillary muscles.
Efsects of lowering temperature
Previous studies suggested that the hypertrophied heart has an increased anaerobic metabolism [4,14,33,341. This increased anaerobic metabolism could increase the intracellular lactate concentration, and lactate can act as an intracellular buffer (buffering = 2.3 X intracellular lactate concentration [35] ). Therefore it is conceivable that this increased lactate could compensate for, and disguise, other factors tending to decrease pi. Thus, we performed the same experiments at 22°C a temperature at which the metabolism is greatly slowed. As previously shown [l 11, a decrease of temperature from 35°C to 22°C caused a significant alkalinization of the basal pH, (P < 0.001). However, no difference in pHi was detected between normal (7.19 + 0.01, 41 measurements, n = 18) and hypertrophied muscles (7.18 f 0.02, 32 measurements, n = 18, n.s.); E, was still slightly depolarized in hypertrophied muscle (-68.7 * 0.5 mV, 148 measurements, n = 30) compared to normal ( -71.2 & 0.3 mV, 353 measurements, n = 49, P < 0.001). pi was inversely related to pH, (Fig. 4) and once again, the relationship was not significantly modified after 4-6 weeks of hypertrophy (normal: /3 = -48.5 pH, + 393.6; hypertrophied: /3 = -46.3 pHi + 375.1). The values obtained were higher than those obtained at 35°C and the relationship steeper.
In both groups of muscles, addition of 40 mM NH,Cl to the superfusing solution resulted in a rapid intracellular alkalinization of 0.46 f 0.02 pH units (n = 20) and 0.38 + 0.04 pH units (n = 11, n.s.> for normal and hypertrophied preparations respectively. Removal of NH: caused a rapid intracellular acidification of 0.63 + 0.06 pH units (normal, n = 14) and 0.62 k 0.04 pH units (hypertrophied, n = 11, ns.) before a recovery to a more alkaline value. As previously described for 35°C TV and J, during recovery were estimated. The mean values of TV were similar in normal (10.5 + 2.2 min, n = 7) and in hypertrophied muscles (9.3 f 1.7 min, n = 5). Fig. 5 shows that the pHi dependence of J, was not modified by hypertrophy, at 22°C. 
pH, recovery after hypoxia
When oxidative phosphorylation is inhibited, there is an initial alkalinization at the beginning of hypoxia (Fig. 6) . The pH, subsequently declines in relation to the production of lactate by anaerobic glycolysis [3, 18] . The hypoxic acidosis was markedly enhanced in hypertrophied muscle compared to normal [ 141. The recovery of pH i on readdition of 0, is preceded by a large transient acidosis related to the resynthesis of creatine phosphate [10, 18] . Thus, we have studied the time course of pHi recovery after an hypoxic challenge performed at 35 or 22°C in normal and hypertrophied muscles. At both temperatures and in both groups of preparations, the recovery is approximately exponential. The time constant of recovery of pHi following hypoxia (T,,) at 22°C was similar in normal (10.6 k 1.8, n = 13) and hypertrophied muscles (7.2 * 0.9, n = 8). The latter value, in hypertrophy, was apparently smaller but the difference was not significant. In contrast, as illustrated in Fig. 6 , at 35°C there was a significant difference in the mean values of 7rh which was smaller for hypertrophied muscles (3.9 + 0.3 min, n = 7) than for normal (7.1 + 1 .l min, n = 4, P < 0.005). In both groups of muscles, net acid extrusion was also estimated at 35°C during recovery from hypoxia (J,,) and related to pH,. Although J,, was similar in both groups of preparations for the more acidic pH, (< 6.8) calculated values were significantly increased in hypertrophied muscles compared to normal for pHi ranging from 6.8 to more alkaline values (Fig. 7A ). For instance, at a pH, of 6.85, J,, in hypertrophied preparations was increased by a factor of 4 compared to normal. At 22°C in the pHi range 6.6-7.2, mean values of J,, were similar in normal and hypertrophied muscles (Fig.  7B ).
Discussion
In the present study, direct measurements of intracellular pH in papillary muscles isolated from hypertrophied right ventricle of the ferret heart have shown that the basal pH, was similar in both types of preparation. The results also show that there was no alteration due to hypertrophy in the intrinsic H+ buffering power', estimated at 22°C and 35°C at various pHi. Moreover, the recovery of pHi from an acid load (using the NH&l rebound technique) was not modified in the hypertrophied muscle compared to normal. However, we have shown that in the hypertrophied preparations, the time constant of the recovery of pHi after an hypoxic challenge is smaller than in normal muscle, but only at 35°C not 22°C.
As already shown in a model of left ventricular hypertrophy in the rat [41] , the pHi values measured in cardiac preparations from normal and hypertrophied (4-6 weeks post-operation) right ventricle of ferret are similar. In contrast, in guinea-pig heart, Wallis et al. [40] found that left ventricular hypertrophy (7-21 weeks post-operation) is associated with an intracellular acidosis of 0.16 pH units. These different results suggest that caution should be taken when comparing studies. Difference in animal species, in duration and in model of the hypertrophy (left or right) and in age of the animals at the time of banding [24] can yield conflicting results.
4.1. Intracellular buffering capacity p estimated in nominally HCOT-free solution and with the Nat/H+ exchange blocked by amiloride is classically defined as the intrinsic buffering power, pi [9, 39] . Furthermore, in these experimental conditions, values of buffering power have been shown to be closer to that measured in the isolated myocyte [9] . In the present study, pi has been found to be similar in normal and hypertrophied muscles. This is in agreement with a recent brief report from Wallis et al. [40] . Although they found an increase in buffering power with hypertrophy, the hypertrophy in their preparation was associated with a decrease in basal pHi (any decrease in pH, increases the buffering power). They could not ascribe a change in intracellular Hf buffering capacity to hypertrophic cardiac cells independent of the increase associated with the acidosis.
In the present work, the pH, dependence of pi is similar to that described in other multicellular mammalian cardiac preparations [39] . At 35"C, p was about 27 mM/pH unit at pH, 6.97, a value close to the value obtained, at 30°C by Grace et al. [22] in the ferret heart by NMR (37 mM/pH unit). The slightly larger value in the latter case may arise from the different temperature used during the experiments as we found that pi increased when temperature was lowered from 35 to 22°C. Moreover, this increase, and the associated rise in pHi (about 0.15 pH units) were not significantly different in normal and hypertrophied papillary muscles. A number of factors might be expected to change the pi. In hypertrophied papillary muscles, our previous results suggested that the phosphocreatine (PCr) content was decreased by 54% compared to normal [ 141. PCr is a proton buffer and an interesting possibility would be that different levels of PCr should result in changes in the value of pi [29] . Furthermore, in hypertrophied ferret heart, the capacity to recruit anaerobic glycolysis has been shown to be enhanced [4, 14, 33, 34] . Thus the buffering due to intracellular lactate should be different in the two types of muscle [12] . In the same way, the changes of pHi and pi by lowering temperature, which reflects presumably a decrease in the rate of metabolically produced acid, should have been different in normal and hypertrophied preparations. However, intracellular proteins probably contribute the majority of pH buffering [9] and there is no obvious reason to suspect a difference in these intracellular buffers (and their temperature dependence) in normal and hypertrophied cardiac preparations.
pH, recovery from an acid load
The present work has also shown that pH, changes induced by application and removal of NH,Cl, as well as the time course of pH, recovery from NH,f withdrawal-induced acidification, were similar in normal and hypertrophied papillary muscles. In both preparations, recovery from the acid load was complete and fully blocked by amiloride. Thus, as in the experimental conditions presently defined (nominally HCO;-free, HEPES-buffered medium), pH, recovery was mainly mediated by the Nat/H+ exchange [8, 22, 39] , the activity of the exchanger does not seem to be modified in hypertrophied muscle. Furthermore, the values of net proton efflux estimated for different pH, were similar to those obtained by Grace et al. [22] in ferret heart and no differences could be detected between normal and hypertrophied cardiac muscles. It could be argued that, when comparing cells of different size (which is the case with normal versus hypertrophied myocytes), calculation of true acid extrusion should take into account a potentially different ratio between sarcolemmal membrane area and cytoplasmic volume (S/V ratio) of the cells. However, as already discussed [6] , during hypertrophy, the S/V ratio is unchanged because of the coordinated increase in external sarcolemma and transverse tubules. An increase in fibrous and/or connective tissue in the hypertrophied cardiac muscle could limit diffusion and thus lead to errors in the estimation of acid extrusion in these cells. However, a significant increase in connective content has only been observed in muscles from right ventricular pressure overload hypertrophy in juvenile but not in weanling ferrets [24] . Thus, the present study carried out in adult ferrets, suggests that the pH, dependence of Na+/H+ exchange is not modified in our model of hypertrophy and that the efficiency of the exchanger is preserved.
Lowering the temperature from 3.5 to 22°C produced a decrease in the rate of pHi recovery from acid loading. The rr was increased by more than 100%. In sheep cardiac Purkinje fibres under similar conditions, Ellis and Macleod [ 161 estimated the average Q ,0 for the pH, recovery to be 2.65. In mouse skeletal muscle, Aickin and Thomas [I] reported a Qlo of 1.4 for the Na+/H+ exchanger. From the present experiments, the calculated value of Q10 was intermediate at 1.8 and similar in both groups of muscles.
By contrast, our results clearly show that, at 35°C there are differences between normal and hypertrophied muscles, in the time course of pH, recovery when acidosis was induced by readding 0, after an hypoxic challenge. Hypertrophy was associated with a marked acceleration of the recovery. In a previous report, we have shown that, at 35°C hypoxic acidosis was markedly accentuated in hypertrophied papillary muscles and that an enhancement of lactate production might be present in these preparations [ 141. Upon reintroduction of O,, the acidosis resulting from the hypoxic challenge is associated with another source of protons, rapidly produced, and related to the resynthesis of PCr 1181. However, the resulting transient extra-acidification was significantly reduced in hypertrophied preparations compared to normal [14] but the acidic values of pHi reached in both groups of muscle, before recovery started, were similar. Consequently, the accelerated pH I recovery in hypertrophied preparations cannot be explained by an increase in pi and/or Nat/H+ activation related to a lower pH, being present before the recovery phase. As pointed out previously, an increased lactate production during hypoxia in hypertrophied cells, could modify pi in the post-hypoxic period and the degree to which it changes may vary from normal to hypertrophied tissue. However, we have already reported that when pi was measured in both groups during hypoxia, no difference was detected compared to the values obtained in control medium [ 141. Thus, several factors can be considered to account for the accelerated pH, recovery in hypertrophied preparations. Firstly although the role of lactate in the generation of a pH gradient and in the resulting activation of the Na+/H+ exchanger has been questioned [ 131, it cannot be excluded that the increased lactic acidosis in hypertrophied muscle during the hypoxic period may contribute to a greater activation of Nat/H+ exchange after hypoxia or ischaemia [27] . The pH, recovery from hypoxia is dependent on an efficient lactate efflux from the tissue [l 11, by simple diffusion of lactic acid across the membrane and carrier-mediated cotransport of Ht and lactate [32] . An enhanced lactate wash-out in hypertrophied cells due to the greater lactate concentration gradient, or an increased density of carrier molecules in the membrane could contribute to the accelerated H+ efflux. Indeed, in a few experiments, comparison of the effect of a-cyano-4-hydroxycinnamate, an inhibitor of lactate transport in heart [ 151, suggested that pH, recovery from hypoxia was differently affected in normal and hypertrophied preparations. Whereas the rate of recovery was only slightly affected in normal cardiac muscles, rr in hypertrophied muscles was increased by a factor of 2 compared to the value obtained in the absence of lactate transport inhibition (unpublished results).
Secondly, cardiac muscle metabolism is suggested to be functionally compartmentalized, such that the energy for some ATP-dependent membrane transporters, such as the Nat-K+ pump, is preferentially supplied by glycolysis [21] . Consequently, in hypertrophied heart, where an increased glycolytic metabolism has been demonstrated [4, 14, 33, 34] , the activity of the Na+-K+ pump could be favoured during hypoxia. Thus transmembrane Na+ gradient, required to drive Na+/H+ exchange, could be better maintained in these preparations. In contrast, in normal cardiac muscle, the increase of intracellular Naf concentration, which has been shown to occur during reoxygenation [ 181 could reduce the activity of Na+/H+ exchange and thus slow the pH, recovery following hypoxia.
Although further experiments are needed to distinguish between the possible causes of the enhancement of pHi recovery rate following a period of hypoxia, it is tempting to propose a pathophysiological significance of such an increase. Cardiac hypertrophy results in a greater susceptibility to ischaemic injury [4, 20, 41] . This characteristic of the hypertrophied cardiac tissue has been generally related to inherent differences in intracellular calcium handling [5, 23] and/or in high energy phosphate compounds metabolism [26] . From the present work, it could be suggested that a greater and more rapid activation of Nat/H+ exchange after an ischaemic stress in hypertrophied preparations, might cause a greater increase of the intracellular Nat concentration. Thus, the efficiency of the Na+/Ca'+ exchange for Ca*+ efflux would be reduced, resulting in an exaggerated increase of the intracellular Ca2+ concentration compared to normal cardiac cells [2] . The expected consequences of such a situation could be a greater propensity in the hypertrophied heart to reoxygenation-reperfusion injury and arrhythmogenesis [28, 30, 37] .
